Hairy roots were induced in Althea officinalis using Agrobacterium rhizogenes, strains A4, A13, ATCC15834, and ATCC15834 (GUS) . The leaf, petiole and shoot explants of marshmallow were used for the hairy roots induction. When hairy roots appeared, cultures were established in MS (Murashige and Skoog) liquid medium without growth regulators. Hairy roots in explants appeared 5-12 days after inoculation. Maximum transformation frequency of 83% was observed on shoot explants with ATCC15834 strain. Among the strains, ATCC15834 (GUS) strain showed better potential in the mass production of hairy roots in the hormone-free liquid medium after 50 days of culturing. The highest total phenolic and flavonoids content was found at 1.57 ± 0.1 mg/g dry weight in A13 strain and 3.47 ± 0.3 mg/g in A4 strain, respectively. Secondary metabolite content of hairy roots was found to be strain-specific.
Introduction
Marshmallow (Althaea officinalis L.), is a medicinal plant of Malvaceae family, from Europe and Western Asia. This plant has been well-known for its healing properties since ancient times. The entire plant possesses antitussive, antiviral, and antimicrobial properties. A. officinalis is a main source of mucilage which is useful for respiratory tract diseases like bronchitis, tracheitis, pertussis, and bronchial asthma (Khidyrova et al. 2012) . Its roots and leaves include asparagine, althein, flavonol glycosides, pectin, quercetin and phenolic acid components (Shah et al. 2011; Benbassat et al. 2014) .
Plant phenolics and flavonoids have attracted a lot of interest because of powerful biological activity and various applications in medicine (Granato et al. 2018) . Several studies have focused on the production, purification and enhancement of these compounds in plants (Pistelli et al. 2010; Guerriero et al. 2018) . Moreover, the extraction of phytochemicals from plant tissues is subject to limitations due to the impact of ecological conditions on their growth and yield (Panda et al. 2017) .
Recent years, Agrobacterium rhizogenes have been used for hairy roots production, a beneficial approach due to their stable growth and enhanced capability of synthesizing secondary metabolites in hormone-free media (Tian 2015) . Further, these transformed roots exhibit the characteristic features such as rapid growth, frequent branching, genetic stability and fast mass production (El-Esawi et al. 2017) .
Previous studies revealed that hairy roots induced by different bacterial strains vary in growth, morphology, and production of secondary metabolites (Gupta et al. 2016; Thwe et al. 2016) . Therefore, based on plant species, a proper Agrobacterium strain must be selected. Different plasmid harbors by the strains cause differences in virulence and morphology of hairy roots (Thwe et al. 2016) . Agropinetype strains are the most virulent or hypervirulent and often used in hairy root culture establishment (Lee et al. 2010) . However, to date, there are not many reports on the transformation of A. officinalis via different A. rhizogenes strains for hairy root induction except one preliminary study (Ionkova 1992 ) and a study by Drake et al. (2013) , wherein anti-HIV microbicide 'cyanovirin-N' production from hairy roots (induced by LBA 9402 strain) was reported. Therefore, in
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351 Page 2 of 8 the present study, we aimed to induce hairy roots of A. officinalis using different strains of A. rhizogenes and following screening of the hairy roots for production of higher levels of flavonoids and phenolic compounds.
Materials and methods

Plant material
Seeds of A. officinalis were surface sterilized with alcohol (70% v/v) for 30 s and sodium hypochlorite solution (60% v/v) for 2 min and finally washed with sterilized water for 3 times. Sterile seeds were germinated on MS basal medium (Murashige and Skoog 1962) with 30 g/L sucrose and 5 g/L agar, the pH of the medium was adjusted to 5.8 with 1N NaOH or 1N HCl prior to sterilization at 121 °C for 20 min. The seeds were incubated at 25 °C, a 16/8 h (light/dark) photoperiod in growth chambers.
Bacterial strains and culture conditions
A. rhizogenes strains A4, A13, ATCC15834, and ATCC15834 (carrying the GUS gene) were used for infections. A single clone of A. rhizogenes was selected and cultured on 25 mL Luria-Bertani (LB) medium (10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 10 g/L NaCl, pH = 7.0). Bacterial cultures were collected at 5000 rpm for 5 min and resuspended at a cell density A600 = 0.5 in MS liquid medium (containing sucrose and 100 µM acetosyringone) and were shaken for 1 h in the rotary shaker before inoculation.
Transformation procedure
Two different procedures were used for inoculation of explants. In the first method, 8-15-day-old shoots and also leaf and petiole explants of 10-30 days old were inoculated using an insulin syringe. In the second procedure, different seedling parts, including shoot, leaf and petiole were isolated from in vitro grown seedlings and were immersed for about 5 min in liquid bacterial cultures then blotted on sterile filter paper. All the samples transferred to the MS basal medium supplemented with 30% sucrose, 0.7% agar (pH 5.8) for cocultivation. After 2 days of co-culture at 25 °C in the dark, explants were transferred to MS medium containing cefotaxime antibiotic so as to kill the residual Agrobacterium. In the presence of infection, the cultures were washed with 250 mg/L of cefotaxime solution, and blot-dried on sterile filter paper then transferred to MS medium supplemented with 30% sucrose, 0.7% agar (pH 5.8), and 500 mg/L of cefotaxime. Cefotaxime concentration was then reduced in subsequent subcultures from 500 to 100 mg/L and finally, cultures free of A. rhizogenes were transferred to MS media plates. After the appearance of hairy roots and to obtain the root lines, single roots were picked off and were cultured on hormone-free MS medium in the dark at 25 °C. After several subcultures on fresh solid medium, the roots were transferred to MS liquid medium containing 30 g/L sucrose, kept in a rotary shaker at 80 rpm and 25 °C in darkness, and subcultured routinely every 2 weeks.
DNA isolation and PCR analysis
Total genomic DNA was isolated from putative transgenic and control hairy root lines by using the CTAB (hexadecyltrimethyl ammonium bromide) DNA isolation method (Moyo et al. 2008 ). The DNA samples were then used in PCR analysis for detecting the presence of rolB gene (780 bp) and GUS gene (320 bp) in transgenic hairy root cultures. The primer set for the rolB gene was: 5′-ATG GAT CCC AAA TTG CTA TTC CCC ACGA-3′ and 5′-TTA GGC TTC TTT CAT TCG GTT TAC TGC AGC -3′ and the primer set for GUS gene was: 5′-GGT GGG AAA GCG CGT TAC AAG-3′ and 5′-TGG ATT CCG GCA TAG TTA AA-3′ (Rahnama et al. 2008 ). The PCR reaction was carried out in 20 µl volume with 20 ng (1 µl) DNA, 100 ng (1 µl) of forward and reverse primer; 2 µl (1 mM) dNTPs; 0.7 µl (2.5 U) Taq DNA polymerase; 2 µl 10x Reaction Buffer; 1 µl (4 mM) MgCl 2 , 11.3 µl H 2 O. PCR reaction comprised 30 cycles. The amplification cycle for rolB gene consisted of denaturation for 1 min at 94 °C, primer annealing for 1 min at 54 °C, and primer extension for 1 min at 72 °C and final extension for 10 min at 72
• C. Cycling parameters for GUS gene amplification was similar except that the annealing temperature was 62 °C. PCR products were visualized after electrophoresis on a 1% agarose gel stained with ethidium bromide under UV irradiation. Plasmid DNA from A. rhizogenes strains was isolated by alkaline lysis method (Green and Sambrook 2012) and used as positive control. The genomic DNA from untransformed A. officinalis root was used as a negative control in PCR analysis.
GUS histochemical assay
Hairy roots were tested for histochemical GUS expression by soaking in X-Gluc solution (Jefferson 1987) . Such that 1-cmlong hairy roots from each individual line were excised and transferred into histochemical assay buffer containing 1.0 M phosphate buffer, 1.0 mM ferricyanide, 10% Triton X-100, 0.5 mM EDTA and 0.1 M 5-Bromo-4-chloro-3-indolyl-β-D-glucuronide (X-Gluc). The samples were incubated for 16 h at 37 °C in the dark. After staining roots and washing several times in 70% ethanol, GUS expression exerted as a blue color was visualized in the hairy root lines.
Determination of total phenolic content
The total phenolic content was determined as described by Benbassat et al. (2014) using Folin-Ciocalteu reagent. 100 mg samples of hairy roots are grounded in 95% ethanol and the resulting mixtures were incubated for 24 h in darkness. Then centrifuged (UNIVERSAL 320, Hettich, Germany) at 6000 rpm for 10 min and the supernatants were collected. 0.5 mL of the Folin-Ciocalteu reagent was added to 0.5 mL of each extract. The solution was mixed well, and after 5 min, 1 mL 20% solution of sodium carbonate was added. Then, the solution was again mixed and finally, the volume was diluted to 10 ml with distilled water. The mixtures were kept at room temperature for 2 h and the absorbance was read at 765 nm (T80, PG Instruments, UK). The data were expressed as pyrogallol equivalent. All analyses were carried out in triplicate and averaged.
Determination of total flavonoid content
Total flavonoid content was determined following a method by Park et al. (2008) . In a test tube, 4 ml of methanolic extracts, 0.15 ml of NaNO2 (0.5 M) and 0.15 ml of AlCl3.6H2O (0.3 M) were mixed. After 5 min, 1 ml of NaOH (1 M) was added. The solution was mixed well and the absorbance was measured at 506 nm. The standard curve for total flavonoids was made using rutin standard solution (0-100 mg/l) under the same procedure. The total flavonoids were expressed as milligrams of rutin equivalents per g of the dried fraction.
Statistical analysis
All the experiments were performed in triplicates. The data were analyzed using analysis of variance (ANOVA) with Statistical Analysis System (SAS) Version 9.2 (SAS Institute, Cary, NC). Significant differences using means from triplicate analyses (p < 0.05) were determined by Duncan's multiple range test.
Results and discussion
Hairy roots induction
Hairy roots in explants inoculated with strains A13 (Fig. 1c) and ATCC15834 (GUS) (Fig. 1d) about 5 days and the explants inoculated with strain A4 (Fig. 1a, b ) appeared about 12 days after inoculation. Our results showed that roots induced by four A. rhizogenes strains did not differ in morphological characteristics and differed only at the time of appearance. The leaves injured with a sterile scalpel were utilized as the control. Hairy roots were never observed in simply wounded leaves, affirming that development of transformed roots came about because of a morphogenetic response not to physiological stresses (Lee et al. 2010) .
The efficacy of different bacterial strains in inducing hairy roots in different explants was investigated. The highest transformation frequency was observed by strain ATCC15834 in shoot explant at 83 ± 5.2% after 5 days of co-cultivation. Strains A4 and A13 induce rooting in 65 ± 1.54 and 45 ± 2.3% shoot explants, respectively. In leaf explants of A. officinalis maximum rooting frequency was 60 ± 6.3%, infected with strain ATCC15834. The induction of hairy roots in petiole explants by ATCC15834, A4 and A13 strains was 76.2 ± 4.1, 60.35 ± 2.2 and 55.75 ± 3.4%, respectively (Fig. 2) .
Many factors of plants such as explants type, cultivar, culture conditions and Agrobacterium-host interactions could influence the successful transformation (Colling et al. 2010) . Similarly, shoots are the explants of choice for hairy root induction using A. rhizogenes in Artemisia pallens (Pala et al. 2016) , Papaver bracteatum Lindl. (Rostampour et al. 2009 ) and Dracocephalum moldavica (Weremczuk-Jezyna et al. 2013) .
One of the main factors to achieving hairy root induction is the choice of a bacterial strain (Sharifi et al. 2014) . Reports on the use of strain ATCC15834 were presented in many plants, including Semecarpus anacardium (Panda et al. 2017) , Origanum vulgare (Habibi et al. 2016 ), Hypericum spp. (Zubricka et al. 2015) , Artemisia aucheri (Sharafi et al. 2014) and Nepeta pogonosperma (Valimehr et al. 2014) . In most cases, ATCC15834 strain had better performance and proved to be more competent than the others one.
In this study, two methods were used for inoculation explants of marshmallow; direct injection with a syringe and immersion in bacterial suspensions. The majority of shoots and leaf explants were infected by injecting bacteria produced hairy roots (Fig. 1c, d ), but in the immersion method, only strain A13 produced hairy roots on leaf explants. Compared to bacteria suspension, insulin syringe provided a lower level of wounded and faced with the less influx of bacteria. Similarly, a study was performed to induce hairy roots of Gentiana scabra, the results showed that stem explants directly injected by A. rhizogenes induced the formation of hairy roots from all inoculated explants and failed to form in control samples (Huang et al. 2014 ).
On the hormone-free medium isolated roots exhibited a hairy-root phenotype similar to that described: vigorous-rapidly grew, high branching and loss of gravity response. Morphologically transgenic roots (on solid MS medium) revealed no differences in growth and development (Fig. 3a, b) in agreement with Samadi et al. (2014) and Moghadam et al. (2013) studies.
In many plant species, fast growth and high lateral branching are characteristics of transgenic hairy roots resulting from A. rhizogenes (Runo et al. 2012) . Integration position and copy number of T-DNA(s) in the plant genome may influence the properties of hairy roots (Tenea et al. 2008 ). The induction of vir genes in bacteria by signal molecules Fig. 2 Comparison of four A. rhizogenes strains and explant type after 5 days of co-cultivation periods on transformation frequency of A. officinalis in the injection method. Bars represent the mean ± SD of three independent experiments. Different letters above columns denote statistically significant differences between groups based on the LSD test (p < 0.05) Fig. 3 Hairy roots were examined and photographed under a stereomicroscope (SZX2-ILLB, Japan); leaf explant (a) and shoots (b) of marshmallow (a: 6 ×) (b: 8 ×) or Agrobacterium Co-cultivation with wounded tissue or media that contains the signal molecules, all these factors would be useful in genetic transformation of some recalcitrant plants (Elfahmi and Chahyadi 2014) . Since acetosyringone enhanced Agrobacterium-mediated transformation frequency (Mishra and Ranjan 2008) and reduced the time for induction of hairy roots, so in order to increase the efficiency of gene transfer, it was added to the Agrobacterium suspension medium and co-cultivation medium of explants. Results observed with acetosyringone suggest that this compound is effective to improve genetic transformation in many of species (Nagella et al. 2013 ).
Establishment of hairy root cultures
Hairy roots induced by the four strains of A. rhizogenes were subcultured to fresh solid MS medium (Fig. 4a) and after sufficient growth hairy roots of A. officinalis were moved to MS liquid medium (Fig. 4b, c) .
We observed the rapid growth of hairy roots in the hormone and antibiotic-free liquid MS medium. Particularly, the profuse growth of the hairy roots obtained from ATCC15834 (GUS) strain. In other words, hairy roots of strains A4, A13 and ATCC15834 were white, slender, while the transgenic hairy roots of strain ATCC15834 (GUS) were the higher growth rate. These roots are thick and have produced many lateral branches. Furthermore, newly formed hairy roots were white, which later became brown. In agreement with our study, Chandran and Potty (2008) reported that the hairy roots of Ipomoea batatas (two strains, A4 and ATCC15834) were white, slender, branched and brittle; the hairy roots of Canavalia sp. were thick and produced a lot of lateral branches. In another study, hairy roots of Tylophora indica within 3-4 weeks gradually changed from white to yellowish-white, then to reddish-brown within 6-8 weeks (Chaudhuri et al. 2005) . It has been reported that the medium type can affect the growth and proliferation of hairy roots and appropriate condition in liquid culture could increase hairy root biomass. Besides, the hairy root cultures formed in liquid medium showed a more rapid growth compared to hairy roots in solid medium (Huang et al. 2014) .
Histochemical staining for GUS activity
Histochemical staining for β-glucuronidase activity can demonstrate the stable genetic transformation in induced hairy roots. Therefore, the putative transformants were checked for the activity of the reporter gene through GUS assay. In this study, the blue color was observed only in ATCC15834 (GUS) transformed roots (Fig. 5a, c, d ) whereas control roots (Fig. 5b) did not show GUS activity. These results indicate that the GUS gene in the T-DNA had already been integrated into the genome of the transgenic A. officinalis hairy root cultures. Similar results were reported earlier (Liu et al. 2011 ).
Molecular analysis
Verification of transgenic nature of the hairy roots was done with PCR amplification of a portion of the rolB gene and a portion of GUS gene. A 780-bp (Fig. 6 left) and 320-bp (Fig. 6 right) fragment amplification were observed in all the hairy root lines. No amplification was detected in negative control as well as in the genomic DNA of non-transformed normal roots (Fig. 6) . These results showed the integration of T-DNA (transferred-DNA) into the plant genome and the roots were free of bacteria. The results obtained indicate the same results of Li et al. (2015) and Moghadam et al. (2013) . Among the genes of rol, rolB plays a critical role in pathogenicity, while rolA, rolC and rolD contribute to the root induction (Sujatha et al. 2013) . 
Total phenolic and flavonoid contents
The contents of phenolic and flavonoid compounds were measured in transformed hairy roots and non-transformed roots. We found substantial differences in phenolic and flavonoid contents between transformed and non-transformed roots (p < 0.01). The highest total phenolic content (1.57 ± 0.1 mg/g) observed in hairy roots of A13 strain, which was 4.7-fold more than the untransformed roots, while ATCC15834 and ATCC15834 (GUS) strains had the lowest content of phenolic and flavonoid compounds compared with the other strains. Statistical analysis for phenolic content indicated that there were significant differences among strains and control sample (p < 0.01). Strains A4 (0.74 ± 0.15 mg/g) and ATCC15834 (0.59 ± 0.07 mg/g) were not significantly different from each other (Fig. 7a) . Furthermore, A4 strain showed the highest (3.47 ± 0.3 mg/g) flavonoid content, which was threefold higher than control. The statistical analysis for flavonoid content showed significant differences among strains of A4 (3.47 mg/g), A13 (2.56 ± 0.17 mg/g) and control sample (1.15 ± 0.2 mg/g), while there were no significant differences in two strains ATCC15834 (1.65 ± 0.08 mg/g) and ATCC15834 (GUS) (1.71 ± 0.12 mg/g) (Fig. 7b) . The accumulations of higher levels of phenolics and flavonoids, in hairy roots, could be due to the effect of RolB that up-regulate the genes involved in secondary metabolite production (Bulgakov et al. 2018) as reported in many other plant species (WeremczukJeżyna et al. 2013; Thiruvengadam et al. 2014; El-Esawi et al. 2017) . Previously, many reports demonstrated hairy roots induced by different strains of A. rhizogenes vary in secondary metabolite production (Gupta et al. 2016; Thwe et al. 2016) . They suggested that the secondary metabolite production is strain-specific. Similarly, Gupta et al. (2016) and Skała et al. (2015) reported that A4 was efficient for the production of secondary metabolites. Our results showed that despite the mass production of hairy roots by strain ATCC15834 (GUS) , their phenolic and flavonoid contents were not higher than the other strains. Therefore, these results suggest no correlation between regulation of growth rate and secondary metabolite synthesis in hairy roots.
Conclusions
Our results demonstrated an efficient A. rhizogenes-mediated transformation protocol for the foundation of A. officinalis hairy root cultures using four different A. rhizogenes strains: A4, A13, ATCC15834 and ATCC15834 (GUS) . Among the four different strains of A. rhizogenes, ATCC15834 (GUS) had potential ability to mass production of hairy root, especially in the MS liquid medium. However, hairy roots generated by A. rhizogenes are a potential source for plant secondary metabolites, but production of certain metabolites at the commercial level could be the next important step. Bars represent the mean ± SD of three independent measurements. Different letters above columns denote statistically significant differences between groups based on the LSD test (p < 0.05)
